The Lightest of Black Holes by Calmet, Xavier
ar
X
iv
:1
41
0.
28
07
v1
  [
he
p-
th]
  1
0 O
ct 
20
14
The Lightest of Black Holes
Xavier Calmet1
Physics & Astronomy, University of Sussex, Falmer, Brighton, BN1 9QH, United Kingdom
Abstract
In this paper we consider general relativity in the large N limit, where N stands for
the number of particles in the model. Studying the resummed graviton propagator,
we propose to interpret its complex poles as black hole precursors. Our main result
is the calculation of the mass and width of the lightest of black holes. We show that
the values of the masses of black hole precursors depend on the number of fields in the
theory. Their masses can be lowered down to the TeV region by increasing the number
of fields in a hidden sector that only interacts gravitationally with the standard model.
1x.calmet@sussex.ac.uk
Nearly a hundred years after Einstein proposed his theory of gravitation, it is still un-
known how to quantize general relativity. We nevertheless have a few hints of what to expect
from a theory of quantum gravity. For example, thought experiments lead to the conclusion
that a unification of quantum mechanics and general relativity should incorporate the notion
of a minimal length [1–4]. A minimal length could be a sign of non-local interactions at the
Planck scale. Another interesting feature of a quantum mechanical description of gravita-
tion is the generalized uncertainty principle. Amati, Ciafaloni and Veneziano (ACV) have
shown [5–8] by studying the scattering of massless strings (e.g. two gravitons) in the trans-
Planckian regime that the usual uncertainty principle of quantum mechanics ∆x∆p > ~
generalizes to ∆x∆p > ~+ α′∆p2 where α′ = GN/g
2, GN is Newton’s constant and g is the
string loop expansion parameter. While this specific relation was derived in string theory
similar ones appear in different models of quantum gravity, see e.g. [9] for a recent review.
The generalized uncertainty principle finds a natural interpretation in the scattering at
high energies of two particles. When two particles collide at energies around the Planck scale
a quantum black hole will form (by quantum black hole we mean a Planck size black hole
with a mass of the order of the Planck mass). As the center of mass energy increases, so does
the mass of the black hole. The black hole becomes larger and is, in a sense, more extended
or non-local. Thus increasing the center of mass energy of the scattering experiment does
not allow to resolve finer details as the ∆x probed by the scattering experiment increases
with energy. There is thus a minimal length which is given by the Planck length. ACV have
suggested that by studying the scattering of massless strings in the eikonal approximation,
they can identify the formation of an object that looks like a black hole precursor. Obviously,
string theory incorporates the notion of non-locality since the fundamental building blocks
of these type of models are strings and d-branes which are extended objects. But, we shall
see that these ideas can resurface in linearized general relativity coupled to quantum field
theory as well.
In this paper, we study another indication that a unification of quantum mechanics and
general relativity must lead to non-local effects. Our main result is a calculation of the mass
and width of the lightest black hole. These black holes lead to tiny acausal effects at energy
scales comparable to the Planck scale. We show that the mass of the black hole precursors
is dependent on the number of fields in the theory.
Recently, there has been a renewed interest in the gravitational scattering of fields and
the question of whether perturbative unitarity could be violated below the Planck scale
[10–16,18,19]. By studying the two to two elastic gravitational scattering of fields, it has been
argued that perturbative unitarity is violated at an energy scale E ∼ M¯P/
√
N [10], where
N is loosely speaking the number of fields in the model and M¯P the reduced Planck mass.
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However, it has been shown in [19] that perturbative unitarity is restored by resumming an
infinite series of matter loops on a graviton line (see Fig. 1) in the large N limit, where
N stands for the number of fields in the model, while keeping NGN small. This large N
...
Figure 1: Resummation of the gravitaton propagator.
resummation leads to resummed graviton propagator given by
iDαβ,µν(q2) =
i
(
LαµLβν + LανLβµ − LαβLµν
)
2q2
(
1− NGN q2
120pi
log
(
− q2
µ2
)) (1)
with Lµν(q) = ηµν − qµqν/q2, N = Ns + 3Nf + 12NV where Ns, Nf and NV are respectively
the number of real scalar fields, fermions and spin 1 fields in the model. This mechanism was
dubbed self-healing by the authors of [19]. While [19] emphasized the fact that perturbative
unitarity is restored by the resummation, the authors of [10] who had studied the same
phenomenon before had pointed out that the denominator of this resummed propagator has
a pair of complex poles which lead to acausal effects (see also [20, 21] for earlier work in
the same direction and where essentially the same conclusion was reached). These acausal
effects should become appreciable at energies near (GNN)
−1/2. Unitarity is restored but at
the price of non-causality.
We propose to interpret these complex poles as Planck size black hole precursors or
quantum black holes. This enables us to calculate the mass and the width of the lightest
black hole. This pair of complex poles which appears at an energy of about (GNN)
−1/2 is
a sign of strong gravitational dynamics. It is thus natural to think that this is the energy
scale at which black holes start to form. Note that our interpretation is not controversial,
one expects black holes to have a lifetime of order their Schwarzschild radius and thus to be
described by propagators of the type (s−M2BH + iM2P )−1 [8]. Let us now calculate the poles
of the resummed propagator (1). We find
q2
1
= 0, (2)
q2
2
=
1
GNN
120pi
W
(
−120piM2
P
µ2N
) ,
q2
3
= (q2
2
)∗,
whereW (x) is the Lambert W-function. It is easy to see that for µ ∼ MP , q2/3 ∼ (GNN)−1/2
as mentioned previously. The resummed propagator has three poles, one at q2 = 0 which
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corresponds to the usual massless graviton and a pair of complex poles q2
2,3. In the standard
model of particle physics, one has Ns = 4, Nf = 45, and NV = 12. We thus find N = 283
and the pair of complex poles at (7 − 3i) × 1018 GeV and (7 + 3i) × 1018 GeV. The first
of these pair of poles corresponds to an object with mass 7 × 1018 GeV with a width Γ of
6 × 1018 GeV. In our interpretation, these are the mass and width of the lightest of black
holes assuming that the standard model of particle physics is valid up to the Planck scale2.
It is a quantum black hole with a mass just above the reduced Planck scale (2.435 × 1018
GeV) and a lifetime given by 1/Γ. Obviously, these estimates depend on the renormalization
scale. Since the only scale in the problem is the reduced Planck scale, here we have taken
µ of the order of the reduced Planck scale. We have checked that our predictions are not
numerically very sensitive to small changes of the renormalization scale. Note that we have
used the definition for the mass and width introduced in [22], namely we identify the mass
and width of the black hole precursor with the position of pole in the resummed propagator:
p2
0
= (m − iΓ/2)2. The second complex pole at (7 + 3i) × 1018 GeV leads to the acausal
effects.
Since black holes are extended objects with a radius RS = 2GNM/c
2, it is not surprising
that they lead to non-local effects. It has been shown in [23] that the momentum space
equivalent of the non-local term in the resummed propagator is of the type
S =
∫
d4x
√
g
[
R log
(

µ2
)
R
]
. (3)
Furthermore, it has been argued by Wald in [24] that when the space-time metric is treated
as a quantum field, there should be fluctuations in the local light cone structure which
could be large at the Planck scale. These fluctuations imply that the causal relationships
between events may not be well defined and that there is a nonzero probability for acausal
propagation at energies around the Planck scale. The Planckian black hole we are studying
here is the black hole for which quantum gravitational effects are the most important of all,
it is thus not very surprising that it leads to acausal effect according to Wald’s argument.
Note that acausal effects of this type have been discussed in the framework of the Lee Wick
formalism [25, 26] (see also [27] for more recent work in that direction).
With our interpretation in mind, a consistent and beautiful picture emerges. Self-healing
in the case of gravitational interactions implies unitarization of quantum amplitudes via
quantum black holes. As the center of mass energy increases so does the mass of the black
hole and it becomes more and more classical. This is nothing but classicalization [28, 29].
2Note that in [19], it was argued that one could identify the σ-meson as the pole of a resummed scattering
amplitude in the large N limit of chiral perturbation theory. This resummed amplitude is an example of
self-healing in chiral perturbation theory. In low energy QCD, the position of the pole does correspond to
the correct value of the mass and width of the σ-meson.
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Furthermore, one expects as well a modification of the uncertainty relation of the type:
∆x∆p > ~+ αf(∆p2), (4)
where the parameter α is positive. As mentioned before, as we increase the center of mass
energy, so does the mass of the black hole in the pole of the resummed propagator. The
black hole becomes larger and the magnitude of the nonlocal effects increases. Thus, as in
the case of ACV, increasing the center of mass energy of the scattering experiment does not
allow to resolve shorter distances as the ∆x probed by the scattering experiment increases
with the center of mass energy. Since we cannot trust our calculation in the trans-Planckian
regime we cannot calculate the function f(∆p2) in contrast to what ACV had done using the
eikonal approximation in string theory. Note however that in the large N limit we are using,
loops of gravitons are always suppressed compared to matter loops. We are in a situation
where a full knowledge of quantum gravity may not be necessary. A similar point has been
made by ’t Hooft [17] in a different context.
It is worth mentioning that a potential non-minimal coupling ξ of the scalar fields to the
Ricci scalar plays no role in the resummed propagator (1). A non-minimal coupling of scalars
to the Ricci scalar does not affect the mass of black hole precursors. This is consistent with
the results obtained in [18] where it was shown that the large ξN limit leads to a resummed
graviton propagator which does not have a pole. In other words, models such as Higgs
inflation which rely on a non-minimal coupling of the Higgs boson to curvature are perfectly
valid and there is no sign of strong dynamics below the Planck scale.
Our approach leads to a new mechanism to lower the energy scale of quantum gravity
below the traditional Planck scale or some 1019 GeV. For a large number of fields, e.g.
Ns = 10
33 and for example µ = 1 TeV, the Planckian black hole precursor has a mass of 3.7
TeV with a width of 2.8 TeV. This new mechanism demonstrates that, as observed previously
in [30–32], a large number of particles in a hidden sector that only interact gravitationally
with the standard model leads to a lowering of the effective Planck mass. While in [30],
a renormalization group of Newton’s constant was used to describe this effect, here we do
not have to rely on such a technique which can potentially lead to ambiguous results [33].
For some 1033 fields in the hidden sector, the Planck mass is around a TeV and Planck
mass quantum black holes [34,35] could be produced at the Large Hadron collider. Current
searches for quantum black holes at the LHC thus imply a bound on the number of particles
that couple to the graviton. The non-observation of quantum black holes at the LHC thus
far [36] implies that the Planck scale is above 5 TeV. This translates into a bound on the
number of fields gravitationally coupled to the standard model: N < 1033.
In this brief paper we have calculated the mass and width of the lightest of black holes.
We have shown that the values of these parameters are dependent on the number of fields in
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the theory. In the case of the standard model, these results are consistent with expectations:
we find that both the mass and the width of the lightest black hole are of the order of the
reduced Planck scale. Interpreting the poles of the resummed graviton propagator in the large
N limit leads to a beautiful insight into the unification of quantum mechanics and general
relativity. Non-causality seems to be a feature of such a unification in the form of quantum
black holes and it may be a sign that quantum gravity is made finite by a mechanism of
the Lee Wick type. The self-healing mechanism and the classicalization mechanism appear
to be necessary ingredients of quantum gravity and the generalized uncertainty principle a
necessary consequence of these mechanisms. Finally, the effective Planck mass depends on
the number of fields in the theory. The mechanism can be used to build models with low
scale quantum black holes. Using recent data from the Large Hadron Collider at CERN,
we have derived a bound on the number of fields which belong to a hidden sector that only
interacts gravitationally with the standard model.
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